Zr-ZrC-ZrC/DLC gradient nano-composite films have been prepared on the NiTi substrates by the technique of plasma immersion ion implantation and deposition (PIIID) combining with plasma-enhanced chemical vapor deposition (PECVD). The influence of C 2 H 2 flow rate ranging from 30 sccm to 50 sccm on the chemical structure, microstructure, mechanical properties and corrosion resistance of resulting thin films are investigated by Raman spectrum, XPS, XRD, friction coefficient test, nano-indentation, electrochemical corrosion test and atomic absorption spectrometry. XPS and XRD results indicate that on the outmost layer, the Zr ions are mixed with the DLC film and form ZrC phase, the binding energy of C 1s and the composition concentration of ZrC depend heavily on the C 2 H 2 flow rate. With the increase of C 2 H 2 flow rate, the content of ZrC and the ratio of carbon sp 3 /sp 2 decreases. The nano-indentation and friction experiments indicate that the gradient composite film at 30 sccm has a higher hardness and lower friction coefficient compared with that of the bare TiNi alloy. The microscratch curve tests indicate that Zr-ZrC-ZrC/DLC gradient composite films have an excellent bonding property with the substrate. Based on the electrochemical measurement and ion releasing tests, we have found that the Zr-ZrC-ZrC/DLC gradient composite films exhibit better corrosion resistance property and higher depression ability for the Ni ion releasing from the NiTi substrate in the Hank's solution at 37°C.
Introduction
TiNi shape memory alloys are promising materials in dental, orthopedic and cardiovascular applications because of their unique properties (shape memory effect and superelasticity). However, for prolonged use in a human body, deterioration of the corrosion resistance of the materials becomes a critical issue because of the increasing possibility of deleterious nickel ions released from the substrate to living tissues. Our recent works had successfully fabricated Ta [1] , TiN [3] , TiC [4] , ZrC [5] , diamond like carbon(DLC) [6] on bare TiNi alloy surface. In order to improve the adhesion strength, reduce the internal stress, and enhance the surface hardness, the gradient nano-composite Zr-ZrC-ZrC/DLC films were deposited on the NiTi alloy by the technique of ECR-plasma resource PIIID combining with PECVD. Our preliminary work indicated that the optimal negative DC voltage would be -200 V [7] , and in the present study the influence of the C 2 H 2 flow rate on the microstructure, mechanical property and corrosion behavior of the resulting films will be investigated systematically.
Experimental procedure
The detailed description on the experimental alloy sample and equipment illustration can be found in Reference [7] . Here various flow rate of C 2 H 2 , 30 sccm, 40 sccm and 50 sccm had been explored.
A Raman spectrometer (Renishaw, model RM2000) was used to characterize the structure of the films. The chemical composition of the film was measured with a XPS system (Kratos, model Axis Ultra). The hardness and elastic modulus were measured with a nano-indentation tester (MTS, model Nanoindenter XP). The friction coefficient test was studied with a UMT-2 system in 5N load at room temperature for 10 min. The micro-scratch curves of gradient nano-composite films were measured with a WS-2002 system. The maximal load is 80 N and the scratch distance is 5mm. Electrochemical corrosion curves in Hank's solution were generated by a model CHI650B electrochemical tests system controlled by a computer. The nickel ion release was measured by an atomic absorption spectrometry (AAS) (Hitachi, model Z_5000) after anodic experiment. Fig.1 shows the Raman spectra of the Zr-ZrC-ZrC/DLC gradient nano-composite films deposited at different C 2 H 2 flow rate on TiNi alloy substrate, in which the broad peak at 1530cm -1 corresponding to the G-band and a shoulder peak at 1350cm -1 corresponding to the D-band. The I (D) /I (G) ratio derived from the Raman spectra, which is proportional to the ratio of sp 2 /sp 3 bonds, are listed in Table. 1. Clearly with the increase of the C 2 H 2 flow rate, the I (D) /I (G) ratio increases. 2(a) shows the C1s XPS spectra of the Zr-ZrC-ZrC/DLC gradient nano-composite films deposited at different C 2 H 2 flow rate on TiNi alloy substrate. The first peak appears at 284.7eV, which is between the diamond peak (285.2eV) and the graphite peak (284.3eV), and corresponds to the C-C bond of DLC. The second peak appearing at about 282.3eV corresponds to the C-Zr bond, which indicates the formation of ZrC. It is clear that the content of ZrC in the film decreases with the increase of C 2 H 2 flow rate. Yet with the increase of the C 2 H 2 flow rate from 30sccm to 40sccm, the sp 2 /sp 3 decreases from 1.22 to 0.55. Fig.3(a) and (b) show the variation curves of hardness and elastic modulus of the Zr-ZrC-ZrC/DLC gradient nano-composite films with the indentation depth. With the increase of the penetration depth, the hardness and elastic modulus of the films at first increase rapidly, and then decrease gradually until reaching a stable value which is significantly higher than that of uncoated TiNi alloys substrate. With the increase of the C 2 H 2 flow rate, the hardness and elastic modulus of the Zr-ZrC-ZrC/DLC gradient nano-composite films increase at first to the highest value of 17GPa and 240GPa, then decrease. Fig.4 shows the scratch test results of the Zr-ZrC-ZrC/DLC gradient nano-composite film deposited at different C 2 H 2 flow rates. The film deposited at 30sccm and 40 sccm have the critical peel-off stress above 60N, whereas the films deposited at 50sccm has the critical peel-off stress around 47N. Intensity,a.u.
Results and discussion
Binding Energy,eV Modulus,GPa Displacement into surface ,nm 5 shows the friction coefficient of the Zr-ZrC-ZrC/DLC gradient nano-composite film deposited at 30sccm and 40sccm. The friction coefficient gradually stabilizes at around 0.21 for both samples, with the sample deposited at 30 sccm be more stable, and the sample deposited at 40sccm be more lower friction coefficient. Fig.6 shows the open circuit potential, Tafel and anodic polarization curves in Hank's solution for the Zr-ZrC-ZrC/DLC gradient nano-composite films deposited at different C 2 H 2 flow rates. From Fig.6(a) , it can be seen that the open circuit potential for the 30sccm is the most stable one among the three samples with a value of -0.26~-0.27V, whereas the 40sccm sample has the highest potential value of -0.28V, and the 50sccm sample has a fluctuating potential between -0.26~-0.29V. From Fig.6(b) it can be found that the 30sccm sample has the best corrosion resistance, with self-corrosion potential and current density be -0.312V and 6.191×10 -6 A⋅cm -2 . From Fig.6(c) , it can be noticed that the curves for 40sccm and 50sccm are smooth without the occurrence of breakdown whereas the 30sccm sample shows a breakdown potential at 0.7V.
The Ni ion concentrations in the Hank's solution are measured by AAS test after polarization test, as listed in Table. 1. The concentration of Ni + ions is lower than that of the bare TiNi alloy sample before surface modification. 
